Resumen. Las aves playeras migratorias pueden atravesar grandes distancias durante sus movimientos anuales, y el acceso a hábitats de buena calidad es crucial para el cumplimiento de la migración. La pérdida y degradación de los hábitats naturales puede estar contribuyendo a la disminución global de las poblaciones. Las aves playeras frecuentemente se alimentan y descansan en tierras agrícolas, pero el uso de éstas puede estar aumentando el riesgo a la exposición a pesticidas inhibidores de la colinesterasa (ChE). Organofosforados (OP) y carbamatos (CB) son inhibidores de la ChE comunes y la exposición a éstos compuestos puede causar una serie de efectos sub-letales o incluso la muerte. Para evaluar la exposición de las aves playeras migratorias a los pesticidas, se tomaron muestras de las aves en los sitios de parada migratoria durante los movimientos hacia el norte y sur en Norteamérica y en las áreas no reproductivas en Sudamérica. Se comparó la actividad de la colinesterasa y la masa corporal de los individuos capturados en sitios de referencia donde no se aplica OP o CB versus sitios agrícolas donde la utilización de productos para el control de plagas en los cultivos es recomendada. Los niveles de actividad de la acetilcolinesterasa plasmática (AChE) y la butirilcolinesterasa (BChE) de Tryngites subruficollis fueron menores en los sitios agrícolas en Sudamérica, indicando una exposición a pesticidas de OP y CB. Los resultados de las pruebas de reactivación de ChE en el plasma y los análisis de los lavados de patas no fueron concluyentes. Un meta análisis entre seis de las especies estudiadas indicó que el efecto de los tamaños fue negativo en cuatro de las seis especies y en una de las seis species para AChE y BChE, respectivamente, indicando efectos negativos
INTRODUCTION
Continuing declines in populations of migratory shorebirds have spurred research to investigate possible environmental factors driving population dynamics rangewide. Exposure to environmental contaminants, habitat loss and degradation, disturbance, and illegal hunting have been suggested as anthropogenic factors that may be affecting shorebird populations (Senner and Howe 1984 , Page and Gill 1994 , Zöckler et al. 2003 . Previous research on shorebirds' exposure to environmental contaminants has focused on heavy metals, organochlorines, and polychlorinated biphenyls (Burger et al. 1993 , Hui et al. 2001 , McFarland et al. 2002 . Few studies have investigated exposure of migratory shorebirds to pesticides that act by inhibiting cholinesterase (ChE) enzymes (Mitchell and White 1982 , Fair et al. 1995 , Iko et al. 2003 . Chemicals that inhibit ChE are potent insecticides widely used to control agricultural pests throughout North and South America. Of 11.8 million kg of insecticides applied to protect crops in the United States in 2006, 73% were ChE-inhibiting organophosphorus (OP) and carbamate (CB) pesticides (NASS 2008) . In the environment, OP and CB insecticides degrade rather rapidly but can be highly toxic over the short term and may pose a risk to non-target species such as birds. For example, thousands of migratory birds have been poisoned by OPs and CBs while feeding in agricultural areas in South America (Basili and Temple 1995, Goldstein et al. 1999a) . In addition to direct mortality, sublethal exposure to OPs and CBs can cause a suite of physiological impairments including loss of migratory orientation and decreased flight speed (Vyas et al. 1995 , Grue et al. 1997 , Brasel et al. 2005 .
The Great Plains region of the United States is an important flyway for migratory shorebirds that breed in arctic and north-temperate latitudes and winter in the southern cone of South America (Skagen et al. 1999) . The Great Plains are now dominated by row crops and grazing for livestock production. Similarly, shorebirds' nonbreeding habitats in South America have largely been converted to farmland and rangeland (Soriano et al. 1992 , Isacch and Martínez 2003 , Blanco et al. 2006 . Therefore, evaluation of migratory shorebirds' potential exposure to ChE-inhibiting pesticides is important to their conservation.
Life-history traits, including habitat preferences, food selection, and migratory pathways, may determine shorebirds' risk of pesticide exposure. Most shorebirds migrating between the Nearctic and Neotropical regions can be categorized by their habitat requirements as upland or wetland birds. Upland shorebirds, preferring drier habitats with vegetation of low stature, include the American Golden-Plover (Pluvialis dominica), Upland Sandpiper (Bartramia longicauda), and Buffbreasted Sandpiper (Tryngites subruficollis; Myers and Myers 1979, Isacch and Martínez 2003) . These three species regularly use agricultural habitats at stopover and wintering sites where they may come into direct contact with OPs and CBs. Upland shorebirds consume a variety of invertebrates, including agricultural pests, which can be abundant during periods of crop production that coincide with migrants' arrival (Houston and Bowen 2001, Nagoshi and Meagher 2004, Isacch et al. 2005; K. M. Strum, unpubl. data) . Wetland species, including the Least Sandpiper (Calidris minutilla), Pectoral Sandpiper (C. melanotos), and White-rumped Sandpiper (C. fuscicollis), require habitats with standing water and frequently use rice fields and other agricultural areas where use of ChE inhibitors is also widespread (Skagen and Knopf 1993 , Twedt et al. 1998 , Skagen et al. 2005 , Blanco et al. 2006 . In rice fields, mortality of shorebirds has been reported after the application of carbofuran, a potent anti-ChE agent (Flickinger et al. 1980 , 1986 , Littrell 1998 .
The activity of ChE in brain or blood plasma is often measured as an indicator of exposure and the effects of OP and CB pesticides (Soler-Rodriguez et al. 1998) . Measurement of ChE activity in the brain is invasive, requiring either finding dead birds or euthanizing them for analysis. Alternatively, ChE activity in plasma is sensitive to exposure to low doses of OPs and CBs and can be used to monitor sublethal exposure of birds captured alive (Hooper et al. 1989 , Thompson 1991 , Wilson et al. 1991 , Soler-Rodriguez et al. 1998 ). There are two main types of ChE in avian plasma. Acetylcholinesterase (AChE) is the enzyme responsible for hydrolysis of the neurotransmitter acetylcholine and maintains proper functioning of the central and peripheral nervous systems. Butyrylcholinesterase (BChE) has been shown to successfully buffer some OP compounds from inhibiting AChE, although its exact physiological function remains unknown (Leopold 1996, Parker and Goldstein 2000) .
Enzyme activity can be used to monitor exposure to OP and CB pesticides by comparison of samples taken in the field to reference values or by reactivation of inhibited enzymes (Hooper et al. 1989 , Maul and Farris 2005 , Strum et al. 2008 . Evaluation of OP and CB exposure in migrant birds, however, must account for potential sources of variation that might affect transcontinental efforts to monitor ChE. For example, levels of plasma ChE can vary spatially and temporally, but reference values rarely provide adequate controls for these factors to be evaluated (Goldstein et al. 1999b) . Similarly, attempts to reactivate ChE can be hampered by dealkylation and spontaneous reactivation of inhibited enzymes (Wilson et al. 1992) . In this study, we evaluated exposure by comparing ChE activities in samples taken from birds at matched sites in the same hemisphere and by storing all samples at ultra-low temperatures before analysis (Hunt and Hooper 1993) .
The purpose of our study was to evaluate migratory shorebirds' exposure to ChE-inhibiting pesticides. We sampled shorebirds at migratory stopover sites in North America and at nonbreeding sites in South America. Strum et al. (2008) reported baseline reference values and variability of plasma ChE activity for nine species of migratory shorebirds sampled at pesticide-free stopover sites in the Great Plains. Here, we provide the first assessments of plasma ChE activities for nonbreeding shorebirds in South America, and we compare plasma ChE activity and body mass at sites without OP and CB use to those in agricultural areas where ChE inhibitors were recommended for pest control. We calculated an effect size of anti-ChE pesticides on ChE activity across all species to assess the magnitude of the effect of OPs and CBs on ChE activity. If shorebirds were exposed to pesticides, we predicted activity of plasma ChE and mean body mass would be lower in samples of birds from sites where insecticides were used (Grue et al. 1997 , Goldstein et al. 1999b ). We conducted reactivation assays and analyzed samples washed from the birds' feet as potential additional lines of evidence to corroborate exposure to OP and CB pesticides. Our study represents the first large-scale, prospective evaluation of exposure to anti-ChE pesticides as a first step toward identifying potential conservation threats to migratory shorebirds throughout their range (Hooper et al. 2003) .
METHODS SHOREBIRD CAPTURE
In the Central Flyway of the United States, we captured shorebirds in three states (Texas, Kansas, and Nebraska) from April to August 2006 (north-and southbound migration) and from March to June 2007 (northbound). In South America, we captured birds in three countries (Argentina, Paraguay, and Uruguay) from September to December 2006. We concentrated these efforts at reference sites, protected natural areas where pesticide use was prohibited, and agricultural sites, where OPs and CBs were recommended for pest control according to national or state agricultural guidelines. Pesticide use was not documented at all sites, but anti-ChE chemicals are applied annually (Fagerness et al. 2001 , Blanco et al. 2006 , Way and Cockrell 2007 Fig. 1 ).
Shorebirds were captured alive with mist nets, drop nets, and night lighting under applicable state, federal, and international permits. Handling and sampling were done under protocols approved by the Kansas State University Animal Care and Use Committee. In addition, a small number of Buffbreasted Sandpipers were collected by shotgun at two turfgrass farms near Lawrence and Colwich as part of a separate study of avian influenza. Collected birds were prepared as study skins and archived at the Museum of Natural History at the University of Kansas (Robbins 2007) .
SAMPLE COLLECTION AND PREPARATION
To compare the birds' body size and condition by site, we recorded seven measurements of each individual. Mass of livecaptured birds was measured with a Pesola spring scale ( 1 g). Length of the flattened and straightened wing was measured with a wing rule ( 0.5 mm). Total head, culmen, and tarsus length were measured with vernier calipers ( 0.1 mm). Fat deposits in the furcular region, sides, and abdomen, were visually scored on a 9-point scale from 0 to 8, with 0 indicating no fat and 8 indicating large fat depots (Bairlein 1995) . Dimorphic species were sexed in the field according to Prater et al. (1977) . All birds were fitted with a U.S. Fish and Wildlife Service metal band with a unique number.
Samples taken for evaluation of pesticide exposure included blood, brain tissue, and foot washes. Blood was collected with a 27-gauge needle and heparinized capillary tubes (0.07 mL) from the brachial vein of the wing. Total blood collected per bird ranged from two to six capillary tubes (0.14 to 0.42 mL) and was <1% of the bird's body mass (Gaunt et al. 1999 ). Blood samples were transferred to 0.5-mL screwcap cryovials, stored on wet ice in the field, and centrifuged within 8 hr to separate plasma from red blood cells. Plasma samples were stored frozen in liquid nitrogen for 1 to 4 weeks and then transferred to storage at −80 C until analyzed in the laboratory. Collected birds were wrapped in acetone-rinsed foil, placed on wet ice in the field, and frozen at −80 C within 8 hr. Brains were excised partially frozen, placed into 2.0-mL Eppendorf tubes, and immediately refrozen at −80 C. The tarsi and feet of a subset of captured and collected individuals were rinsed with 15 mL pesticide-grade 2-propanol. Residues were collected with a stainless steel funnel into an amber glass jar with a Teflon-lined lid. Foot-wash samples were stored on wet ice in the field and transferred to −20 C until analyzed. All samples were analyzed within one year of collection. To quantify the variation within and between labs, aliquots of horse serum (Invitrogen Corporation, Carlsbad, CA) of known ChE activity were run as standards on each plate containing shorebird samples.
Sample preparation differed by tissue type. Plasma samples were thawed immediately before analysis and diluted to a species-specific concentration with cold buffer, 0.5 M, pH 7.4. Brains were thawed and homogenized with the Tissue Miser electric homogenizer (Fisher Scientific, Pittsburgh, PA) at a 1:3 ratio of tissue to buffer. ChE activity was determined immediately after homogenization on a sample serially diluted 60-or 72-fold.
ChE activities for plasma and brain were determined by the method of Ellman et al. (1961) as modified by Gard and Hooper (1993) for use on a 96-well plate reader and by Strum et al. (2008) sample, and 1.00 10 −3 M final concentration of acetylthiocholine iodide (AThCh). To separate activity of BChE from that of AChE, we incubated a portion of each sample with the BChE-specific inhibitor tetraisopropyl pyrophosphoramide (iso-OMPA) at a final concentration 1.00 10 −4 M. BChE activity was calculated as the difference between total cholinesterase (TChE AChE BChE) measured without iso-OMPA and AChE activity in the presence of iso-OMPA. All samples were run in triplicate at 25 C with the spectrophotometer set in kinetic mode. Absorbance was measured at 412 nm at 15-sec intervals for 180 sec with a lag time of 0 sec. The mean of triplicate ChE analyses for each sample was converted from absorbance units per minute to moles AThCh hydrolyzed per minute (units) with an extinction coefficient of 13 600 (cm M) −1 and were expressed as units mL −1 of plasma or units g −1 of brain tissue.
REACTIVATION ASSAYS
In cases where plasma ChE activity is lower in samples collected from agricultural sites than in those from reference sites, in vitro reactivation of plasma ChEs can provide further evidence of exposure to ChE inhibitors. Mean plasma ChE activity was lower at agricultural sites than at reference sites for one species, the Buff-breasted Sandpiper, and we performed reactivation assays on samples from this species if their volume after dilution ( 1.3 mL) was adequate. Attempts to reactivate OP-inhibited enzyme required two aliquots of diluted sample. One aliquot was incubated with 1.00 10 −4 M final concentration of pyridine-2-aldoxime methochloride (2-PAM) at 25 C to induce chemical reactivation. The remaining aliquot received an equal volume of distilled water and was incubated alongside the sample with 2-PAM as a negative control. Aliquots were assayed after 0.5 hr. Reactivation assays for CB inhibition of enzyme required an additional pair of aliquots of diluted sample. One aliquot was incubated at 37 C to induce spontaneous reactivation; the other was maintained on ice as a negative control. Both aliquots were assayed after 1 hr.
CHEMICAL-RESIDUE ANALYSES
Foot-wash samples were screened for 13 OPs and nine CBs at a detection limit of 0.5 μg mL −1
. OP residues were analyzed on an HP 6890 gas chromatograph equipped with a nitrogenphosphorous detector. The column (J & W Scientific, Rancho Cordova, CA) was a fused silica capillary, internal diameter 30 m 0.25 mm, coated with a DB-1701 stationary phase (film thickness of 0.25 μm) and a flow rate of carrier gas (He) of 1.5 mL min −1 . Injector and detector temperatures were 250 C and 275 C, respectively. CB residues were analyzed on an HP 1100 Series liquid chromatograph with a Post-Column Derivatizer (PCX) 5200 (Mountain View, CA) and a fluorescence detector (excitation and emission wavelengths of 330 and 465 nm, respectively). The column (Discovery C 8 , Supelco, St. Louis, MO) was 250 mm 4.6 mm (particle size 5 μm) operated at a flow rate of 0.8 mL min −1
. The gradient was with a water:methanol ratio of 88:12 for 2 min, followed by an increase in methanol to 34:66 over 40 min with a hold time of 4 min, followed by an increase to 100% methanol in 0.1 min with a final hold time of 3 min and a 12-min equilibration time.
In analyses by both gas and liquid chromatography, internal standards adjusted for some of the internal variation of the instrument. Additional quality-control measures included an intermittent standard run after every five injections. If the intermittent standard differed by more than 10%, the sample set was reanalyzed. Though we used internal standards to correct for any matrix variability, we calculated sample concentrations with external standards. A five-point standard curve was constructed from constant-volume injections of calibration standards. Computer-generated peak areas were then used to measure sample concentrations relative to the external standards.
STATISTICAL ANALYSES
We did statistical analyses with the program SAS (version 9.1.3, SAS Institute, Cary, NC), our meta-analysis with the program MetaWin (version 2.0, Sinauer Associates, Sunderland, MA). We considered results of statistical tests significant at 0.05 and report estimates SD unless noted. Much of birds' variation in plasma ChE activity is due to variation in body size, and we analyzed each species of shorebird separately (Roy et al. 2005 , Strum et al. 2008 ). We used Z-tests to identify outliers on the basis of observations that were greater than 3 SD of the overall mean for the species. Two Least Sandpipers had BChE activity levels >15 SD of the mean for this species and were omitted from statistical analyses (Strum et al. 2008) . We compared ChE activities by hemisphere (North vs. South America) to investigate temporal variation, and we compared reference sites and agricultural sites within each hemisphere to test for a potential effect of agricultural chemicals. Exposure to OP and CB pesticides can result in decreased body mass (Grue 1982 , Grue et al. 1997 ), so we tested for an effect of ChE inhibition. Fat scores were significantly correlated with body mass in 7 of 13 species (r 2 0.4, P 0.05), and we used body mass as an index of body condition and compared mean body mass by hemisphere and by treatment (site) within a hemisphere with independent two-tailed t-tests (Proc TTEST). Comparisons of differences between hemispheres were calculated with data from reference sites to avoid the potential confounding effects of dietary changes between hemispheres that may affect ChE activity (Goldstein et al. 1999b) .
Despite considerable effort, we were unable to capture all species at every combination of hemisphere and treatment, so we can not use factorial models. Therefore, to synthesize the effect of treatment (reference vs. agriculture) on ChE activity in shorebirds, we calculated species, hemisphere, and We evaluated ChE reactivation with paired two-tailed t-tests (Proc TTEST). To evaluate reactivation of OP-inhibited enzyme, we compared post-incubation ChE activity of the sample incubated with 2-PAM versus the negative control. Similarly, to test for reactivation of enzyme inhibited by CBs, we compared the post-incubation activity of the incubated sample versus the sample kept on wet ice. To be considered positive for a successful reactivation, the ChE activity of the incubated sample must be greater than that of the control. Some sample volumes were not sufficient for reactivation analyses of both OPs and CBs, resulting in unequal sample sizes for the two assays.
RESULTS
We sampled 631 individuals of 12 species (10 latitudinal migrants, 2 neotropical endemics) at migratory stopover sites and nonbreeding sites in the Western Hemisphere (see Table 1 for scientific names). The number of individuals captured per species ranged from three (Wilson's Snipe and South American Snipe) to 122 (White-rumped Sandpiper).
Of the birds captured, 452 yielded volumes of plasma sufficient for analyses of ChE activity (Tables 2 and 3 ChE ACTIVITY Differences in plasma ChE activities by treatment (reference vs. agriculture) were apparent in one of five species for which samples were sufficient for this comparison. In Buff-breasted Sandpipers, AChE and BChE activities were 37% (t 21 −2.3, P 0.03) and 32% lower (t 21 −2.9, P 0.008), respectively, at agricultural sites in South America (Table 2 , Fig. 2 , respectively). However, BChE activity was 21% higher in Buffbreasted Sandpipers sampled from agricultural sites in North America (t 39 3.5, P 0.001; Table 3 , Fig. 2 ). There were no further differences in ChE activity as a function of habitatspecific pesticide use in the five other species (Tables 2 and  3 , Fig. 2 ).
AChE and BChE activity from reference sites differed by hemisphere in one of two species with data sufficient for comparisons (Tables 2 and 3 , Fig. 3 ). Buff-breasted Sandpipers sampled at reference sites in North and South America did not differ in mean AChE or BChE activity. However, AChE activity of White-rumped Sandpipers was 19% higher in individuals sampled in North America than in those from South America (t 97 2.5, P 0.01). Similarly, mean BChE activity was 27% higher in Pectoral Sandpipers sampled in North CI: −1.21 to 0.13). Species-specific effect sizes for AChE activity were negative for four of six comparisons by treatment and ranged from a low of −0.96 in Buff-breasted Sandpipers to 0.27 in American Golden-Plovers, both sampled in South America (Tables 2 and 3) . Effect sizes for BChE activity were negative for one of six comparisons and ranged from −1.21 in Buff-breasted Sandpipers captured in South America to 1.05 in Buff-breasted Sandpipers captured in North America (Tables 2 and 3 ). On the basis of the Q w statistic for heterogeneity, BChE effect sizes varied by species in South America (Q w 6.64, P 0.04) but not in North America (Q w 3.52, P 0.17). There was no heterogeneity among species in effect sizes for AChE activity in North or South America (NA: Q w 0.51, P 0.78; SA: Q w 4.93, P 0.08). Mean TChE activity in brains of Buff-breasted Sandpipers collected at turf-grass farms was 24.3 3.1 units g −1 brain (n 6; range 18.5 to 27.5). Mean TChE activity in plasma of Buff-breasted Sandpipers sampled at agricultural sites in North America was 2.7 0.6 units mL −1 plasma (n 20) and was 11% of brain TChE activity. The coefficient of variation (12.8%) and variability between extreme values (1.5 ) in TChE activity in Buff-breasted Sandpiper brain were consistent with those documented by Hill (1988) for TChE activities in brains of wild birds.
BODY MASS
For five species data were sufficient for comparisons of body mass by hemisphere and treatment. In two of three species tested in South America, body mass at treatment and reference sites differed, and all three species tested in North America differed by site (Table 4) . In South America, Buff-breasted Sandpipers were 10% heavier (t 22 2.5, P 0.02) and Whiterumped Sandpipers were 6% heavier at agricultural sites (t 84 2.3, P 0.03) than at reference sites, while in the American Golden-Plover (t 45 1.4, P 0.17) mean body mass did not vary by site of capture. In the Northern Hemisphere, Buffbreasted Sandpipers were 10% heavier (t 62 2.4, P 0.02) and Pectoral Sandpipers were 31% heavier (t 35 4.2, P 0.001) at agricultural sites than at reference sites. Upland Sandpipers were 17% lighter at agricultural sites than reference sites (t 65 −1.9, P 0.06).
In two of three species tested the mean body mass of birds from reference sites in one hemisphere differed from that of birds in the other hemisphere; in all cases, the body mass of individuals sampled during migration in North America was greater (Table 4) . White-rumped Sandpipers were 7% heavier (t 104 3.2, P 0.01) and Buff-breasted Sandpipers were 13% heavier (t 35 3.5, P 0.001) in North America than in South America.
PLASMA REACTIVATIONS
We attempted to reactivate plasma ChE in samples collected from Buff-breasted Sandpipers in South America. Not all samples had volume adequate for reactivation analyses; 12 samples from reference sites and 5 samples from agricultural sites were tested for reactivation of plasma ChE activity. The 2-PAM method did not reactivate plasma AChE and BChE of Buff-breasted Sandpipers in samples collected from agricultural sites (AChE: t 4 −0.8, P 0.46; BChE: t 4 0.6, P 0.59) or reference sites (AChE: t 11 1.8, P 0.09; BChE: t 11 2.5, P 0.03). Likewise, plasma ChEs did not reactivate spontaneously in samples collected from agricultural sites (AChE: t 4 0.3, P 0.79; BChE: t 4 1.1, P 0.35) or reference sites (AChE: t 10 1.5, P 0.17; BChE: t 10 9.5, P 0.001).
FOOT-WASH EXTRACTIONS
We analyzed 256 foot-wash samples for 22 types of OP and CB residues. We collected 96 samples at reference sites (9 in North America and 87 in South America) and 160 at agricultural sites (71 in North America and 89 in South America). Buff-breasted Sandpipers with decreased ChE activity sampled at agricultural sites in South America were included in these analyses. Chemical residues were not detected in any foot-wash samples (detection threshold of 0.5 μg mL −1
).
DISCUSSION
We sampled intensively five species of migratory shorebirds across the Western Hemisphere to evaluate potential exposure to ChE-inhibiting pesticides and collected samples for baseline ChE assessments from an additional seven species. We used plasma ChEs to evaluate exposure because the sampling procedure is nonlethal and is sensitive for detection of most OP and CB pesticides (Soler-Rodriguez et al. 1998 ). Of three species for which data were sufficient for comparisons of reference sites and agricultural sites, one, the Buff-breasted Sandpiper, was likely exposed to ChE-inhibiting pesticides at a nonbreeding site in South America. Two other species, the American Golden-Plover and White-rumped Sandpiper, did not show evidence of exposure, i.e., lower activity of plasma ChE. In three species of shorebirds captured during migration in North America, evidence of exposure to ChE inhibitors was limited. A meta-analysis suggested the treatment's effect is negative because birds sampled in agricultural areas had depressed levels of AChE activity in four of six comparisons and BChE activity in one species was depressed. Although there was a significant negative effect of treatment on AChE in North America, there was a positive effect on BChE.
Comparisons of body mass yielded no evidence of negative physiological effects due to ChE-inhibitor exposure or use of agricultural areas. We report the first reference values of ChE activity for seven species of shorebirds captured in South America, including two endemic species, the South American Snipe and the South American Painted-snipe.
PLASMA CHE ACTIVITY Plasma ChEs differed by treatment area (reference vs. agriculture) only in the Buff-breasted Sandpiper. In South America, mean AChE and BChE activities in plasma of Buff-breasted Sandpipers were lower at agricultural sites than at reference sites, and the magnitude of the differences was consistent with patterns of inhibition caused by ChE inhibitors reported in other species of migratory birds (Goldstein et al. 1999a ). Unexpectedly, BChE activity of Buff-breasted Sandpipers sampled at agricultural sites in North America was 21% higher than in those sampled at reference sites. The latter result is opposite the pattern predicted if the birds were exposed to ChE inhibitors but is consistent with post-exposure increases in TChE observed in laboratory experiments (Fleming and Bradbury 1981, Soler-Rodriguez et al. 1998) . Iko et al. (2003) also offered post-exposure enzyme regeneration as a possible explanation for similar differences in TChE activity reported for the Mountain Plover (Charadrius montanus) at agricultural and reference sites in North America. We found plasma AChE and BChE activities to be higher in North America than in South America for the White-rumped Sandpiper and Pectoral Sandpiper, respectively. Elevated levels of BChE activity in Buff-breasted Sandpipers sampled at reference sites in North America and hemispheric variation in ChE of White-rumped and Pectoral Sandpipers might be due to four nonexclusive factors. First, changes in diet during migration between hemispheres can affect ChE activity (Van Lith et al. 1991 , Goldstein et al. 1999b . Second, the amount of subcutaneous fat may partially explain variation in plasma ChE activity. A significant positive correlation between body fat and serum BChE activity has been reported in human patients (Randell 2005) , and migratory shorebirds' fat reserves vary through their long-distance movements (Harrington et al. 1991) . Moreover, our sampling of Buff-breasted Sandpipers in North America was temporally separated; we sampled at reference sites during northbound migration but at agricultural sites during southbound migration; fat reserves varied accordingly. Third, exposure to other contaminants not measured in this study could have affected plasma ChE activity. Dieter (1974) found that chronic dietary exposure of quail to low dose of DDE (a metabolite of the organochlorine DDT), Aroclor 1254 (a polychlorinated biphenyl), and mercuric chloride affected plasma TChE activity. Last, it is possible that birds were exposed to sublethal levels before we captured them. In this case, with sufficient time since exposure, BChE activity could have been elevated above reference-site levels in response to enzyme regeneration after such exposure (Soler-Rodriguez et al. 1998) . Depending on the chemical compound, dosage, and time since exposure, plasma ChE activity may be at or above pre-exposure levels (Ludke et al. 1975 , Fleming and Bradbury 1981 , Fossi et al. 1992 , SolerRodriguez et al. 1998 . In laboratory work with quail, SolerRodriguez et al. (1998) documented elevated plasma TChE activity of 150% on day 4 that decreased to 100% on day 11 after exposure to the organophosphorus pesticide chlorpyrifos.
We used a meta-analysis to quantify the magnitude of variation in enzyme activity, finding effect sizes on AChE activity were negative in two of three species in each hemisphere. These effects ranged from small (−0.10) to large (−0.96). Conversely, in five of six comparisons the effect of treatment site on plasma BChE activity was positive. Although both cumulative effect sizes were nonsignificant, the upper confidence interval for the overall effect on AChE was only slightly greater than zero. The magnitude of the negative effect size on AChE activity of Buff-breasted Sandpipers, coupled with depressed levels of ChE activity seen in other poisoned species, leads us to conclude that Buff-breasted Sandpipers were exposed to ChE-inhibiting pesticides on the nonbreeding grounds.
In cases like the Buff-breasted Sandpiper, where plasma ChE activity is lower at an agricultural site where use of pesticides was recommended, reactivation of plasma ChEs in vitro can provide useful evidence for exposure to ChE inhibitors. We were unable to successfully reactivate plasma ChEs by either the OP or CB methods. Null results from reactivation assays can be inconclusive, however, because some chemicals (i.e., dimethyl OPs) form a stable OP-enzyme complex through dealkylation and resist chemical reactivation (Wilson et al. 1992) , as was the case with Swainson's Hawks (Buteo swainsoni) killed and incapacitated by the dimethyl OP monocrotophos (Goldstein et al. 1999b) .
Extraction of chemical residues washed from feet can also provide forensic evidence of exposure to ChE inhibitors. Our analysis of foot washings yielded no evidence of recent dermal exposure to OPs or CBs. Rainwater et al. (1995) also found no chemical residues on the feet of birds whose plasma ChE activity indicated recent exposure to an anti-ChE, indicating that the birds may have been exposed at site away from where they were sampled. We attempted to sample shorebirds at sites where OPs and CBs were used for pest control but do not know the actual spatial and temporal patterns of insecticide use.
BODY MASS
One effect of ChE inhibition is reduced foraging ability and anorexia resulting in decreased body mass (Grue 1982 , Grue et al. 1997 . We tested for an effect of exposure to OPs and CBs by using body mass as an indicator of fitness and made comparisons by site and hemisphere. The birds' body mass varied by habitat, but our results indicated that shorebirds were able to maintain body mass at agricultural sites and even have higher mass there. Higher body masses might reflect better foraging conditions in agricultural areas that allow birds to compensate for any potential loss in foraging ability. Specifically, we were unable to detect an effect of exposure to ChE inhibitors on body mass in the Buff-breasted Sandpiper. In a laboratory study, Grue (1982) detected decreases in body mass in birds given doses of anti-ChEs sufficient to inhibit 59-67% of brain ChE activity, decreases that corresponded to mass loss of 5-9% in survivors. At lower doses and under chronic exposure, decreases in mass may be difficult to detect because of the considerable seasonal variation in body mass through the annual cycle. For example, heavier body masses of birds sampled in North America could have been due to these individuals' storing fat for migration. Shorebirds maintain and use large fat stores during migration, while they are comparatively lean while stationary on the nonbreeding grounds (Harrington et al. 1991) .
PLASMA AND BRAIN CHE ACTIVITY TChE activity (24.3 units g −1 brain 3.1, n 6) in Buffbreasted Sandpiper brains was similar to values published for other shorebirds. Using similar methods for ChE analysis, Mitchell and White (1982) reported mean TChE activity of 22.8 5.6 units g −1 brain (n 60) in Western Sandpipers, 16.2 3.4 units g −1 brain (n 55) in Long-billed Dowitchers (Limnodromus scolopaceus), and 19.4 4.5 units g −1 brain (n 30) in American Avocets (Recurvirostra americana) sampled at Laguna Madre, Texas, during the nonbreeding season. Custer and Mitchell (1991) reported values between 11.1 and 17.8 units g −1 brain (14.7 1.8, n 55) for Willets (Tringa semipalmata) sampled from the same area. The similarity of AChE activity of Buff-breasted Sandpiper brain to that of other shorebirds does not exclude exposure to OP and CB pesticides. The brain contains more AChE than BChE, and larger doses of anti-ChEs are typically required to produce a detectable decrease in AChE in the brain than to produce one in plasma (Soler-Rodreiguez 1998) . Samples of Buff-breasted Sandpiper brain were collected from turf-grass fields in Kansas where exposure to low doses of anti-ChE compounds was possible.
SUMMARY AND RECOMMENDATIONS
Our study is one of the first to evaluate exposure to ChEinhibiting pesticides in migratory shorebirds. Overall, most species of shorebirds showed little evidence of acute exposure. However, our results suggest that Buff-breasted Sandpipers were exposed to ChE-inhibiting pesticides in South America, and agricultural sites could have negative effects on plasma ChE activity in other shorebirds. Samples of Buff-breasted Sandpipers with depressed ChE levels originated from one site in Argentina where we captured no other species of shorebirds in large numbers. Depression of plasma ChE activity in Buff-breasted Sandpipers captured at agricultural sites in South America indicates a need for additional sampling at other sites where birds may be exposed. Future studies should include analyses of residues in prey collected in the field and assessments of exposure tied to applications of known antiChE insecticides (Hooper et al. 1989 , Wilson et al. 1991 . Furthermore, tracking individuals with radio-telemetry would clairify their habitat use and potential exposure away from sites of capture. We suggest continued cooperation and collaboration with partners in Argentina to continue assessments of habitat use, resulting pesticide exposure, and response in Buff-breasted Sandpipers on the nonbreeding grounds. Further monitoring could provide more robust sample sizes for additional species for which we provide baseline estimates of ChE activity and which could be used to evaluate exposure to other contaminants.
The expansion of agriculture into native habitats will continue to pose a conservation challenge to migratory birds. If recent trends of agricultural development continue, 8 million km 2 of native habitat will be converted to crop and pastureland, worldwide, by 2050 (Tilman et al. 2001) . Much of the expansion of agriculture into native habitats is projected to be in Latin America (Alexandratos 1999) . Increases in pesticide use will likely follow. Development of new pesticides less toxic to nontarget species and recommendations for the timing of pesticide applications to provide maximum benefit to farmers while minimizing threats to migratory birds are also needed. Last, studies using stable isotopes and radio-telemetry are needed to clarify shorebirds' habitat use during migration and at nonbreeding sites (Fry et al. 1998 , Farmer et al. 2004 ). Knowledge of use of specific agricultural habitat would facilitate assessment of exposure and characterization of specific chemical hazards, improving the cause-effect linkage needed to explain ChE inhibition in migratory shorebirds.
